Abstract Past assessments of climate change impacts on building energy consumption have typically neglected spatial variations in the Bbalance point^temperature, population distribution effects, and the extremes at smaller spatiotemporal scales where the impacts of climate change are most pronounced. Here we test the impact of these limitations through a sensitivity analysis in the Contiguous United States. Though national/annual total source energy consumption differences between the 2080-99 time period and the present are less than 2 %, we find changes at the state/month scale that are much larger with summer electricity demand increases exceeding 50 % and spring non-electric energy declines of 48 % by the end of the century. The use of a fixed 18.3°C (65°F) balance point temperature, versus a more representative state-specific value, leads to an overestimate of the energy consumption changes in most states with a maximum change in the state of Oregon of almost 14 percentage points. Finally, projected population redistribution, when combined with the spatial pattern of climate change, exacerbates the building energy consumption impacts, further increasing source energy consumption in some states (max = +5.3 percentage points) and further diminishing energy consumption declines in others (max = −8.2 percentage points). When integrated over the U.S., the intersection of projected population distribution changes and climate change shifts future building energy consumption from a net decrease to a net increase.
Introduction
Global surface temperature is projected to rise 2.6 to 4.8°C by the end of this century relative to 1986-2005 under the Representative Concentration Pathways (RCP) 8.5 emission scenario (Pachauri et al. 2014) . Within commercial buildings, space heating and cooling together account for 31 % of building primary energy consumption in the U.S., while in residential buildings, the share is 43 % (Kelso 2012) . A number of approaches have been employed to study the impacts of climate change on building energy consumption in the U.S., including regression modeling (Sailor and Muñoz 1997; Sailor et al. 1998; Sailor 2001; Ruth and Lin 2006; Franco and Sanstad 2007; Hamlet et al. 2010; Sathaye et al. 2013) , individual building energy simulation (Belzer et al. 1996; Huang 2006; Xu et al. 2012; Wang and Chen 2014; Dirks et al. 2015) , and regional/national energy modeling (Hadley et al. 2006; Isaac and van Vuuren 2009; Zhou et al. 2013; Jaglom et al. 2014; Zhou et al. 2014; McFarland et al. 2015) . These methods have also been used to evaluate the impacts of climate change on energy consumption in other countries (Christenson et al. 2006; Hekkenberg et al. 2009a; AkpinarFerrand and Singh 2010; Wang et al. 2010; Seljom et al. 2011; Zhou et al. 2013 ) and globally (Tol 2002; Isaac and van Vuuren 2009; van Vuuren et al. 2011b ). Most of the research, however, has not comprehensively explored the sub-national and sub-annual impacts of climate change, have not included empirically-derived Bbalance point^temperatures (the outside temperature where a shift between building heating and cooling occurs), and/or have not thoroughly examined the implications of population distribution effects. Each of these elements are potentially important to an accurate assessment of the full impacts of climate change on building energy consumption in the future and hence, plans to mitigate or adapt to climate change in the building sector. Moreover, these elements can interact with each other, further exacerbating the individual impacts. Although studies have individually accounted for the importance of these factors, for example population (Hadley et al. 2006; Zhou et al. 2013; Zhou et al. 2014) , spatial scales (Zhou et al. 2014) , temporal scales (Huang 2006) , and balance point temperature (Sailor and Muñoz 1997; Ruth and Lin 2006) , no research has considered the combined impacts across the entirety of the U.S. landscape in a comprehensive fashion.
To explore a more comprehensive treatment of the impact of climate change on building energy demand, we derive an empirical relationship between historical monthly temperature and building energy demand using state-specific electricity and natural gas consumption. Based on these relationships, we employ the results of high-resolution statistically-downscaled climate model simulations to project the building energy consumption in 2020-99. Changes in the air-conditioning (AC) saturation levels (the percentage of buildings installed with AC) caused by higher future temperature are also included to estimate the climate change impacts.
With these projections complete, we test the sensitivity of the estimated impacts to three important elements of the relationship between climate change and building energy consumption: the spatiotemporal resolution of analysis, the balance point temperature methodology, and population redistribution. The sensitivity to spatiotemporal scales is evaluated by comparing national/annual to state/sub-annual (monthly and seasonal) results. The sensitivity to balance point temperature is evaluated by comparing the results based on state-specific balance point temperatures to the results based on the commonly-used fixed 18.3°C balance point temperature. Finally, the sensitivity to population redistribution is evaluated by comparing results using the 2010 population distribution to the results using a projected population distribution for the year 2090.
Data and methods
Monthly, state-specific electricity and natural gas consumption for the 2008-2012 time period are retrieved from the Department of Energy's Energy Information Administration (EIA) (U.S. Department of Energy 2014; U.S. Energy Information Administration 2014a). This energy consumption data represents what is consumed at the Bend-use^point and we refer to this as the Bsite^energy consumption. The energy required to provide the site energy (accounting for energy loss during production, transmission, and delivery) is referred to as the Bsource^energy and source-to-site ratios (Supplementary Section S1) are used to convert between site and source energy consumption (Deru and Torcellini 2007; Energy Star 2011 (van Vuuren et al. 2011a ). The RCP 8.5 scenario is selected, because it was simulated by the greatest number of models and the temperature change was greatest, offering a wider spectrum of results and the largest signal to noise. To represent the current/projected daily temperature for U.S. counties, necessary for the analysis in this study, the average temperature of the four closest (shortest great circle distance from the county center to the grid center) NARR/CMIP5 grid cell is used.
We use heating degree days (HDD) and cooling degree days (CDD) to relate external surface temperature to the demand for heating/cooling in buildings. HDD (CDD) is defined as the cumulative difference between the Bbalance point^temperature and the daily mean temperature for days in which the daily mean temperature is lower (higher) than the balance point temperature (Baumert and Selman 2003) . We compute the HDD/CDD values at the county level and apply population weighting to generate state-level means. (Supplementary Section S3) . A state-specific balance point temperature, T b (S), is estimated using total state building electricity consumption and population-weighted state temperature with a segmented regression method (Muggeo 2008) (Supplementary Section S3). The state-specific balance point temperature ranges from 11°C (51°F) in Washington to 21°C (70°F) in Florida (Fig. 1) . Generally, higher balance point temperatures occur in states with warmer climates and vice versa, possibly reflecting social norms regarding desirable interior temperatures and building thermal properties. This is consistent with previous research (de Dear and Brager 2001) and further demonstrated by the fact that the correlation coefficient between the 1970-2000 average temperature and balance point temperature is 0.71 (Supplementary Figure S2 , Section S3).
It is worth mentioning that the balance point temperature is different from the set-point temperature of HVAC systems. The set-point temperature is the desired indoor temperature, while the balance point temperature is the outside temperature where the heat loss from a building is equal to heat gain (e.g., no space cooling/heating is required to maintain a desired indoor environment, or energy consumption is at minimum value). Due to the internal heat gain (e.g., occupants' metabolism and equipment usage) and solar radiation, the indoor temperature may reach the desired point even when the outside (balance point) temperature is lower than the set-point temperature (Bobenhausen 1994; Lechner 2014) . The spatial variation of the balance point temperature can be caused by differences in the set-point temperature, as well as the building characteristics, occupant profile, and equipment usage.
Some research suggests that different balance point temperatures can be used for space heating versus cooling on a daily basis (Hekkenberg et al. 2009b ). This research is designed to detect the balance point temperature based on the empirical monthly energy consumption and temperature data. From Fig. 1 , it is not obvious that separate balance point temperatures should be used for space cooling and heating at the monthly level. Thus, a single balance point temperature is used to calculate HDD/CDD in this research.
To quantify the relationship between HDD/CDD and building energy consumption, a regression modeling approach is used (Supplementary Section S4). Electricity and natural gas consumption is modeled separately for all building sectors (residential and commercial combined) within each state over the 2008-2012 time period:
where, E represents the per-capita energy consumption of natural gas (NG) or electricity (ele) for state, s, and month, m. The regression coefficients are represented by α, λ, β, and γ, and ε is the error term. A trend term (m − 1) is included to capture linear changes in natural gas/ electricity consumption over time. A linear trend may be caused by factors that influence energy consumption and have a trend, such as population, (heating, ventilation, and air conditioning) HVAC efficiency, building envelope characteristics, and natural gas/electricity prices. Finally, a time-lag is introduced through the HDD/CDD variable to reflect the thermodynamic delay impact of outdoor temperatures on indoor temperatures due to building thermal inertia (Pardo et al. 2002) . The monthly 2020-2099 per-capita and total demand for site natural gas and electricity are estimated for each state using the regression models. The estimated future energy consumption was further averaged to represent four 20-year mean periods (2020-39, 2040-59, 2060-79, and 2080-99) with monthly resolution. The impacts caused by AC saturation level changes, driven by higher future temperatures, were also accounted for. We use the 2009 Residential Energy Consumption Survey (RECS) data to represent the saturation levels in the current period (U.S. Department of Energy 2009). For future time periods, we calculate saturation levels based on the saturation equation developed by Sailor (2003) with data from 39 cities, and adjusted by McNeil and Letschert (2008) using RECS data for the whole United States. The change in AC saturation level is calculated for each future period in each state, which is further used to adjust the coefficient of CDD (β2) and lagged CDD (γ2) and calculate future electricity consumption (Supplementary Section S5).
Besides natural gas and electricity, other fuels are also used in residential and commercial buildings, including propane, distillate fuel oil, kerosene, and wood. However, the state-level monthly consumption for these fuels contains considerable amounts of missing data making it challenging to build regression models and estimate the future consumption for these fuel types. Instead, the consumption of these fuels is calculated based on their ratios to annual total state natural gas consumption in the residential and commercial sectors as provided in the EIA's State Energy Data System (SEDS) for the mean 2008-2012 time period (U.S. Energy Information Administration 2014b). These ratios are fixed for the present and future years, and the same ratio is applied to all months for each state. The total consumption for all fuel types, other than electricity, is referred as non-electric fuel consumption.
Because population size and its distribution are critical elements in estimating future energy consumption, our results are sensitive to different future population characteristics. Because climate change also exhibits changes in the spatial pattern of temperature, the interaction of a changing population distribution with the spatial distribution of climate change, is worth examining. We do so by isolating the effect of population distribution changes on the relationship between climate and building energy consumption using the ICLUS dataset in 2090.
3 Results and discussion 3.1 Sensitivity to spatial and temporal scales Table 1 presents the national total median (as well as minimum and maximum) annual energy consumption difference between four future 20-year periods and the 2008-12 average based on 20 climate models (state-specific balance point temperatures and 2010 population spatial patterns are used). Source and site building electricity consumption increases due to higher cooling demand in all four future time periods under the RCP 8.5 emission scenario, reaching a 9.4 % increase in source electricity demand by the 2080-99 time period. By contrast, non- electric (including natural gas, propane, distillate fuel oil, kerosene, and wood) source and site energy consumption exhibit declines, reaching reductions of nearly −27 % in the 2080-99 time period. Because the reduction of non-electric site fuel consumption outweighs the net increase in site electricity consumption, total site energy consumption decreases in all four future periods (up to −9 % in 2080-99). However, due to the large source-to-site ratio of electricity the decline in total source energy consumption is less, approaching zero in the 2080-99 time periods. In contrast to the relatively small net changes in annual national energy consumption, larger changes are found when consumption is examined on a sub-annual basis. Figure 2 shows the absolute and relative national energy consumption difference at the monthly timescale between the four future time periods and the 2008-2012 period. The annual difference is also shown for comparison. Total source energy demand increases during the warmer months (May-October) by up to 10 % (301 petajoules (PJ)) in September during the 2040-59 time period and up to 23 % (698 PJ) during the 2080-99 time period. This larger seasonal change is driven by an increase in electricity demand during the warmer months with maximum departures of 11.5 % (September) and 26.7 % (September) in the 2040-59 and 2080-99 time periods, respectively. By contrast, total source energy consumption demand shows a decrease during the colder months (November-April) with maximum departures of −10.5 % -485 PJ) in the 2040-59 time period and −18.9 % (873 PJ) during the 2080-99 time period. This is driven by large declines in non-electric fuel demand during all months with maximum declines of −23.2 % (October) and −34.9 % (October) during the 2040-59 and 2080-99 time periods, respectively. Source electricity demand also declines during the colder months, albeit to a lesser degree than the source non-electric fuel demand.
As with the comparison between annual and monthly changes, there are greater changes in building energy demand at the state level compared to national totals (Fig. 3) . The total annual source electricity consumption increases in most states due to increased future cooling needs, (Fig. 3a) driven by the fact that electricity-based heating declines outweigh the small increase in cooling demand. The change in electricity consumption is driven primarily by the direct impact of increased cooling demand on current air-conditioning saturation levels and ranges from −3 % in Washington to +13.6 % in Massachusetts. Increased electricity consumption from added air-conditioning capacity is relatively small (Supplementary Figure S3 , Section S5).
The total annual source non-electric fuel consumption declines in all states (Fig. 3b) , driven by lower heating requirements in the future, with the largest declines in the West and midlatitude regions and relatively smaller decreases in the South and the upper Great Plains. The decrease in annual source non-electric consumption across all U.S. states ranges from −9.3 % in Florida to −36.7 % in Oregon.
Because the decline in site non-electric fuel consumption exceeds the increase in site electricity consumption, the total site energy consumption decreases in most states except Florida, Louisiana, and Arizona (Fig. 3c) . However, the total source energy demand increases in more states beyond these three, because of the high source-to-site ratios of electricity (Fig. 3d) . The increase in total source energy consumption in these states (e.g. +11.5 % in Florida) combined with the decrease in source energy consumption in states with colder climates (e.g. -11.8 % in Washington) results in the small national source energy consumption difference noted in Table 1 , in spite of these opposing individual state-level changes.
These spatial variations in energy demand become further pronounced when examined on a seasonal basis (Fig. 4) . For example, electricity demand increases by +50 % in Oregon during the summer months of the 2080-99 time period. Conversely, South Carolina shows an electricity consumption decrease of −16.3 % during the winter months. Non-electric fuel consumption similarly shows much greater changes when examined on a seasonal basis, with Supplementary Figure S1 the largest decline of −48 % appearing in Oregon during the spring. Oregon displays the most dramatic electricity consumption changes mostly driven by the large increase in airconditioning capacity (Supplementary Figure S3 , Section S5).
Sensitivity to balance point temperature
A key distinction in the present study versus previous work and an important ingredient in the robustness of the results is the use of a state-specific Bbalance point^temperature rather than a The use of the state-specific balance-point temperature versus a fixed value, changes the regression relationship between building energy consumption and temperature and improves the regression model performance (higher adjusted R-squared values) in most states for both electric and non-electric fuels (Supplementary Section S6). As shown in Fig. 5 , the use of a fixed 18.3°C balance point temperature leads to larger source electricity consumption changes in most states, except Florida, Arizona, and Texas. The largest difference is seen in the state of Oregon where the relative difference (The difference between the future and current energy demands, divided by the current energy demand. It is referred to as RD) of total source energy consumption is 13.7 percentage points higher (7.7 % versus −6 %) when using a fixed 18.3°C balance point temperature. As a result of the overestimated change in most states, the change in national total source energy consumption is 2.1 percentage points higher (1.6 % versus −0.4 %) based on a fixed 18.3°C balance point temperature. Finally, given that HDD/ CDD is commonly used in end-use energy consumption modeling, the empirically-based statespecific balance point temperature methodology outlined here would likely lead to more accurate estimation of end-use energy consumption in energy consumption modeling.
Sensitivity to population distribution
The U.S. population is expected to exceed 600 million by the end of this century with more people inhabiting coastal areas and parts of the country with warmer temperatures (Supplementary Figure S4 , Section S7) (U.S. Environmental Protection Agency 2010). Figure 6 shows the RD between the 2080-99 time period and 2008-2012 using a 2010 population distribution differenced to the RD between the 2080-99 time period and 2008-2012, using a 2090 population distribution (the state-specific balance point temperature is used in both). The use of the 2090 population distribution causes energy consumption increases in the warmer areas to be amplified and the energy consumption declines in colder areas to be 
Conclusions
In this study, we have quantified the sensitivity of the relationship between climate change and building energy demand to three important factors. First, we tested how influential the consideration of space and time resolution is to estimates of national, annual building energy consumption under a changing climate. We show that there are large changes at the state spatial scale and the monthly/seasonal time scale (+/− 50 %) which are masked by results aggregated to the national/annual scale. Previous work has either examined the sub-annual impact at the national spatial scale or the sub-national impact at the annual scale (Huang 2006; Zhou et al. 2014) . Though these studies find broadly similar results, they do not find as large an impact on building energy consumption as found here. This highlights the importance of assessing climate change impacts on building energy consumption at high-resolution in both space and time.
Second, we examined the sensitivity to the balance point temperature estimation method. We find that the use of a fixed 18.3°C balance point temperature, often-used in previous research, versus a state-specific value, leads to an overestimate of the energy consumption changes in most states with a maximum change in the state of Oregon of almost 14 percentage points. Integrated over the U.S., this more accurate state-specific balance point temperature reduces the national total source energy consumption relative difference by more than 2 percentage points. Previous studies have used various forms of Boptimized^balance point temperatures (Sailor and Muñoz 1997; Ruth and Lin 2006) . However, the analysis has been done for single states only and/or has not assessed the impact of the approach relative to the standard 18.3°C balance point temperature. We recommend the state-specific balance point temperature method as the most accurate method developed, to date, to quantify the impact of climate change on building energy demand and have demonstrated how sensitive the impacts are to this approach.
Finally, we test the impact of changes in future U.S. population distribution, finding that standard population projections, when combined with the spatial-explicit projections of temperature, exacerbate the building energy consumption increases in warmer states (e.g., enhancing the increase in Florida by 5.3 percentage points), and lessening building energy consumption decreases in colder states (e.g., ameliorating the demand decrease in Wyoming by 8.2 percentage points). As a result, the national total source energy consumption changes from a net decrease (less energy needed) to a net increase (more energy needed) through population distribution change. This result is in contrast to Zhou et al. (2013) who found much less impact on building energy demand from climate change. However, this is likely due to the different population distribution employed and the fact that the analysis was performed at the national scale, which will mask the much larger impact at the sub-national scales.
These results have implications for public policy and utility planning. For example, greenhouse gas mitigation policies aimed at reducing energy consumption in the building sector may best be focused on the anticipated rise in electricity demand driven by increasing cooling needs, particularly in the summer and among the lower tier of U.S. states. Particular emphasis on promoting great cooling technology efficiency is warranted to potentially offset the enhanced seasonal demand in electricity. These results may intersect with the recently enacted Clean Power Plan making some state-specific targets more or less challenging (U.S. EPA 2014).
With the existing regional aspect of electricity supply and the trend towards smaller, natural gas fired power production units, the spatial pattern of climate change impact on building energy consumption, has numerous implications. Planning and implementing changes in electricity production capacity or changes in market distribution can takes years. Furthermore, once built, power plant lifetimes are typically many decades. Hence, accurate assessment of the changing spatial and temporal aspect of energy demand has large financial and infrastructural implications. Tradeoffs between baseload and peaking power production or smaller, decentralized facilities versus large, more centralized production are sensitive to how electricity demand grows and shifts across the U.S. landscape in the coming decades. Although beyond the scope of this paper, those decisions must account for analysis at the sub-national, sub-annual scales.
Our results also suggest some important additional work for the future. Given the importance of the sub-annual results, even greater resolution in the temporal domain may be important. For example, understanding how changes in extreme climate change events (e.g., heat waves) interact with building energy consumption may illuminate additional stress points in the demand and supply of building energy. Additionally worrisome is the recent research (Arnfield 2003; McCarthy et al. 2010; Georgescu et al. 2012) indicating that some U.S. urban areas will experience additional temperature increases (beyond those expected from climate change alone) due to the urban expansion and the heat island effect. Such changes could potentially compound the implications outlined here.
It is important to note that this study is not aimed at predicting future building energy consumption but aims to highlight the sensitivity of the relationship between climate change and building energy consumption to some of the key assumptions used to assess that relationship. A comprehensive scenario-based treatment of future building energy demand under climate change would naturally consider changing building technology, changes in fuel/ electricity prices, and changing social norms. Furthermore, there are likely a series of adaptive responses that will likely occur as climate inevitably changes such as shifts in population distribution not captured in the standard future projection used here or changes in thermostat set points. Finally, public policy in response to climate change may alter aspects of building energy demand and supply via efficiency standards, building code changes, or climate-friendly urban planning. These feedbacks represent exciting opportunities to further enrich the results presented here and better refine our understanding of how best to meet the challenge of meeting building energy needs under a changing climate.
